Abstract Optimal reactive power dispatch (ORPD) problem has a significant influence on optimal operation of power systems. However, getting optimal solution of ORPD problem is a strenuous task for the researchers. The inclusion of flexible AC transmission system (FACTS) devices in the power system network for solving ORPD problem adds to its complexity. This paper presents the application of chemical reaction optimization (CRO) for optimal allocation of a static synchronous compensator (STATCOM) to minimize the transmission loss, improve the voltage profile and voltage stability in a power system. The proposed approach is carried out on IEEE 30-bus and IEEE 57-bus test systems and the simulation results are presented to validate the effectiveness of the proposed method. The results show that the proposed approach can converge to the optimum solution and obtains better solutions as compared to other methods reported in the literature. 
Introduction
The electric power grid is the largest man-made machine in the world. It consists of synchronous generators, transformers, transmission lines, switches and relays, active/reactive components, and loads. Power system networks are complex systems that are nonlinear, non-stationary, and prone to disturbances and faults. Reinforcement of a power system can be accomplished by improving the voltage profile, increasing the transmission capacity and others. Nevertheless, some of these solutions may require considerable investment that could be difficult to recover. FACTS devices are an alternate solution to address some of those problems [1, 2] .
Optimal reactive power dispatch (ORPD) is an important tool for power system operators for both planning and reliable operation in the present day power systems. The important aspect of ORPD is to determine the optimal settings of control variables for minimizing transmission loss, improve the voltage profile and voltage stability, while satisfying various equality and inequality constraints. The ORPD problem is in general non-convex and non-linear and exists many local minima.
Over the last two decades, many researchers performed a lot of researches on ORPD. Various optimization techniques are evolved to solve ORPD problem. These algorithms are generally divided into two categories, namely, classical mathematical optimization algorithms and intelligent optimization algorithms. The classical algorithms are starting from an initial point, continuously improve the current solution through a certain orbit, and ultimately converging to the optimal solution. These algorithms include linear programming (LP) [3] quadratic programming (QP) [4] , non-linear programming (NLP) [5] and mixed integer linear programming (MILP) [6] , and benders decomposition [7] . Though, some of these techniques, have a good convergence but most of them suffer from local optimality. Since ORPD is multimodal and non-linear optimization problem and severely depends on the initial guess, the classical techniques are unable to produce global optimal solution. To overcome this deficiency, various intelligent optimization algorithms known as heuristic techniques are applied to solve ORPD problem. Some of the well popular optimization techniques are evolutionary programming (EP) [8] , genetic algorithm (GA) [9, 10] , simulated annealing (SA) [11, 12] , tabu search (TS) [13, 14] , differential evolution (DE) [15, 16] , particle swarm optimization (PSO) [17, 18] and artificial bee colony (ABC) [19] , etc. Recently, a harmony search algorithm (HSA) was developed by Sirjani et al. [20] for simultaneous minimization of total cost, the voltage stability index, voltage profile and power loss of IEEE 57-bus test system using shunt capacitors, SVC and static synchronous compensators (STATCOM). Saravanan et al. presented PSO [21] to find optimal settings and location TCSC, SVC and UPFC devices for improving system load ability with minimum cost of installation.
The literature survey shows that most of the population based techniques successfully solved optimal located FACTS based ORPD problem. However, the slow convergence toward the optimal solution is the main concern for most of these heuristics algorithms. Furthermore, these techniques often produce the local optimal solution rather than global optimal solution.
In this article, a recently developed heuristic algorithm named chemical reaction optimization (CRO) algorithm based on the different chemical reactions on the molecular structure of molecules, introduced by Lam et al. in 2010 is used to find the optimal location of STATCOM device for solving ORPD problem. The effectiveness of the proposed CRO algorithm is demonstrated by implementing it in two standard systems namely IEEE 30-bus and IEEE 57-bus systems and its performance is compared with PSO, DE and other optimization techniques recently published in the literature.
The remaining sections of this paper are organized as follows: Section 2 describes the problem formulation of ORPD problem. Section 3 briefly describes the CRO technique and the different steps of the proposed CRO approach. Section 4 discusses the computational procedure and analyzes the DE, PSO and CRO results when applied to case studies of FACTS based ORPD problem. Lastly, Section 5 outlines the conclusions.
Mathematical problem formulation

Static model and mathematical analysis of static synchronous compensator
Although, there are several FACTS devices for controlling power flow [22] and voltage profile in power system, for this study, only STATCOM device is considered to minimize the transmission loss, improve the voltage profile and voltage stability of power system network. Static model of this FACTS device is as described below.
Static synchronous compensator (STATCOM) is connected in parallel with the specific bus of a power system. The primary goal of STATCOM is to enhance the reactive power compensation which adjusts the reactive power and voltage magnitude of power system network. It consists of three basic components, namely, transformer, voltage source converter (VSC) and capacitor. The STATCOM is modeled as a controllable voltage source (E p ) in series with an impedance [23] . The real part of this impedance represents the cupper losses of the coupling transformer and converter, while the imaginary part of this impedance represents the leakage reactance of the coupling transformer. STATCOM absorbs requisite amount of reactive power from the grid to keep the bus voltage within reasonable range for all power system loading. Fig. 1 shows the circuit model of a STATCOM connected to the ith bus of a power system. The injected active and reactive power flow equation of the ith bus are given below:
The implementation of STATCOM in transmission system introduces two state variables (|E p | and d p ); however, |V i |i s known for STATCOM connected bus. It may be assumed that the power consumed by the STATCOM source is zero in steady state. 
Objective function
The conventional formulation of ORPD problem determines the optimal setting of control variables such as generator terminal voltages, transformers tap setting, reactive power of shunt compensators, controllable voltage source of STATCOM and its phase angle to minimize the transmission loss while satisfying the operational constraints. However, in order operate the power system in reliable and secure mode, the voltage profile and voltage stability index of the power system are also considered as the objective functions in this study.
Minimization of total real power loss
The objective of transmission loss minimization may be expressed by
where f 1 ðx; yÞ is the transmission loss minimization objective function; P loss is the total active power loss; G k is the conductance of the kth line connected between them ith and jth buses; 
Minimization of voltage deviation
Since bus voltage is one of the most important security and service quality indexes of the power system, the minimization of deviations of voltages from desired values is considered as another objective in this study. The objective function of voltage profile improvement, i.e. voltage deviation minimization at load buses, may be expressed as:
where V L f is the voltage at the ith load bus; V sp L f is the desired voltage at the ith load bus, usually set to 1.0 p.u.
Minimization of L-index
It is very important to maintain constantly acceptable bus voltage at each bus under normal operating conditions. However, when the system is subjected to a disturbance, the system configuration is changed. The non-optimized control variables may lead to progressive and uncontrollable drop in voltage resulting in an eventual widespread voltage collapse. In this work, voltage stability enhancement is achieved through minimizing the voltage stability indicator L-index. The indicator values vary in the range between 0 and 1.
The L-index of a power system is briefly discussed below: For a multi-node system, the relation among voltage and current of load and generator buses may be expressed as follows: 
By matrix inversion, the above equation may be rearranged as follows:
The sub-matrix F lg may be expressed as under:
The voltage stability index of the jth bus may be expressed by
where V g ; V l are the vectors of the bus voltage of the generator and load buses, respectively; I g ; I l are the vectors of the bus currents of the generator and load buses, respectively. Z ll , F lg , K gl , Y gg are the sub-matrices obtained by partial inversion of the admittance matrix, N g ; N l are the number of generator and load buses, respectively. To move the system far away from the voltage collapse point, the voltage stability index needs to minimize. The global L-index indicator of the power system is expressed as follows:
Therefore, to enhance the voltage stability and to move the system far from the voltage collapse margin, the objective function may be represented as follows:
Optimal location of STATCOM
Constraints
The ORPD incorporating STATCOM is subjected to the following constraints:
(1) Equality constraints Any change in the atom type makes the molecules different from others. Each molecule has two kinds of energies PE (potential energy) and KE (kinetic energy). PE represents the objective function of a molecule while the KE of a molecule represents its ability of escaping from a local minimum.
During the CRO [24] [25] [26] process, the following four types of elementary reactions are likely to happen. These are onwall ineffective collision, decomposition, inter-molecular ineffective collision and synthesis. These reactions can be categorized into single molecular reactions and multiple molecular reactions. The on-wall ineffective collision and decomposition reactions are single molecular reactions, while the intermolecular ineffective collision and synthesis reactions are of the latter category.
(1) On-wall ineffective collision
In this reaction process each molecule hits the wall of the container and generates a new molecule whose molecular structure is closed to the original one. Since, the On-wall ineffective collision is not so severe, the resultant molecular structure is not too different from the original one. A molecule 'ms' collides into the wall is allowed to change to another molecule 'ms 1 ', if the constraint described below is satisfied.
(2) Decomposition A single compound breaks down into two or more molecules in the decomposition process. In this reaction, the newly formed molecules are far away from the original molecule. As compared with on-wall ineffective collision, the generated molecules have greater change in the potential energy than the original ones. The molecule m, hits a wall of the container and participate in decomposition reaction, to generate two molecules ms 1 and ms 2 if the inequality constraint (24) holds,
(3) Intermolecular ineffective collision This chemical reaction takes place when two different molecules react among themselves, forming two different molecules. However, in this reaction, the molecular structures of the newly generated molecules are closed to the original molecules. Therefore in this collision, the molecules react much less vigorously than decomposition collusion. When two molecules, 'm 1 ' and 'm 2 ', collide with each other, they may form to two new molecules, m 
(4) Synthesis The synthesis reaction is opposite to the decomposition reaction. In this reaction two or more reactants combine together to form an entirely different new molecule. Synthesis collision allows the molecular structure to change in a larger extent. The two molecules m 
The kinetic energy for the newly formed molecule 'm' is modified as follows:
The various steps for implementing the CRO algorithm can be summarized as follows:
Step 1: The various input parameters of the CRO algorithm are initialized. The molecular structures of the molecules are generated randomly. The molecular structures of the molecules represent various feasible solution vectors.
Step 2: The value of the objective function of the individual feasible solution set represents the potential energy (PE) of the individual molecule. An initial kinetic energy (KE) is assigned to all the molecules.
Step 3: Depending upon the PE values, sort the population and in order to retain the best solutions intact, few best molecules are kept as elite molecules.
Step 4: To allow the algorithm to escape from a local minimum, the on-wall ineffective collision operations are performed on non-elite molecules. In this process, one molecule ms is selected randomly from the population and one molecule ms 1 is generated using mutation operation as described below If there is enough energy for the new molecule to be generated, i.e. if criterion (29) is satisfied, replace the original molecule with the new one, and update the relevant KE using (30) .
Step 5: For each decomposition operation, two molecules are selected from the population and two molecules are generated by performing the crossover operation of DE. Afterward, they are tested against the synthesis criterion: KE ms þ PE ms P PE ms 1 þ PE ms 0 1 . If this criterion is satisfied by the selected molecules, replace the original molecules by the newly generated molecules and update the KE of the new molecules using (31) and (32) .
Step 6: To enhance the search space, the inter-molecular ineffective collision is applied on each molecule to update its molecular structure. The intermolecular ineffective collision occurs when two molecules collide and then produce two new molecules. To perform this reaction, two molecules ms 1 and ms 2 from the population are selected and two new molecules ms 
Step 7: Lastly, the molecules participate in synthesis collision operation to update their molecular structure. Two molecules ms 1 and ms 2 are selected randomly from the population set and one molecule ms 0 1 is generated by performing the crossover operation. If the newly generated molecule gives better function value (PE), the new molecule is included and the original molecules are excluded. The new molecule ms 0 1 updates its KE using (35)
Step 8: The feasibility of each solution is checked by satisfying its operational constraints.
Step 9: Sort the solutions from best to worst and replace the worst solution by the best elite solutions. Optimal location of STATCOM
Step 10: The CRO algorithm is terminated when the termination criterion is met. Otherwise go to Step 3.
Simulation results and discussions
In this paper, to assess the efficiency of the proposed CRO approach, two case studies (IEEE 30 bus and IEEE 57-bus systems) of ORPD problems are used in the simulation study. All the programs are written in Matlab 7.0 and run on a PC with core i3 processor, 2.50 GHz, 4 GB RAM. The results of the ORPD problem obtained by CRO are compared with those obtained by DE, PSO and other techniques such as canonical GA (CGA) [27] , the adaptive GA (AGA) [27] , PSO with adaptive inertia weight (PSO-w) [27] , PSO with a constriction factor (PSO-cf) [27] , the comprehensive learning particle swarm optimizer (CLPSO) [27] , the standard version of PSO (SPSO) [27] , local search DE with self-adapting control parameters (L-SACP-DE) [27] , seeker optimization algorithm (SOA) [27] , gravitational search algorithm (GSA) [28] , teaching learning based optimization (TLBO) [29] , quasi-oppositional TLBO (QOTLBO) [29] , strength pareto evolutionary algorithm (SPEA) [30] , GA-1 [31] and GA-2 [32] , multi-objective PSO (MOPSO-1) [33] , DE-1 [34] , oppositional GSA (OGSA) [35] , multi-objective PSO (MOPSO-2) [36] , multi-objective improved PSO (MOIPSO) [36] , multi-objective chaotic improved PSO (MOCIPSO) [36] available in the literature. Since the performance of any algorithm depends on its input parameters, they should be carefully chosen. After several runs, the following input parameters are found to be the best for the optimal performance of the DE and PSO algorithms. DE: Scaling factor (F) = 0.7; crossover probability (CR) = 0.2.
PSO: C 1 = C 2 = 2.05; x max = 0.9; x min = 0.4. For CRO, the average value of the transmission loss over 25 different trials of IEEE 30-bus system with STATCOM for different values of KE loss_rate and KE initial is listed in Table 1 . It is clearly observed from Table 1 that the optimal settings of these input parameters for the optimal performance of the proposed CRO algorithm are as follows: KE loss_rate = 0.2; KE initial for each molecule = 10,000.
IEEE 30-bus system
Firstly, the standard IEEE 30-bus system is used to evaluate the correctness and the relative performance of the proposed CRO method. This system consists of 6 generators, 4 regulating transformers, 9 shunt compensators and 41 transmission 1) and ORPD with STATCOM (Case 2) and its results are compared with those of other methods.
Case A: Transmission loss minimization (i) ORPD without STATCOM device
The effectiveness of the proposed CRO method along with PSO and DE is initially verified by applying it to minimize transmission loss of IEEE 30-bus system without any STATCOM. The transmission loss and the optimal settings of control variables obtained by PSO, DE and CRO algorithms are reported in Table 2 . The results show that the transmission loss found by the proposed CRO method is lower than PSO, and DE. Fig. 2 TLBO [29] , QOTLBO [29] , SPEA [30] , GA-1 [31] and GA-2 [32] . The statistical results reported in Table 3 show that the best, worst and the average results obtained by CRO are near about the same and the variation is negligible. These facts strongly demonstrate the robustness of the proposed CRO for the conventional ORPD problem. The worst and mean loss of SPEA, GA-I and GA-2 are not available (NA) in the literature.
(ii) ORPD with STATCOM
In order to check the feasibility of the proposed method for complicated network, it is applied to solve ORPD with STATCOM of the same test system. The simulation results of transmission loss, the controlled variables, optimal position of STATCOM and its voltage rating obtained by PSO, DE and CRO are shown in Table 4 . The simulation results show that using STATCOM the transmission loss has substantially reduced for all the algorithms. Moreover, the results indicate that the proposed CRO algorithm gives more reduction in loss (4.5297 MW) compared to PSO (4.5802 MW) and DE (4.5493 MW). The convergence of minimal transmission loss with evolution generations shown in Fig. 3 certifies the results of Table 4 vividly. Especially, CRO algorithm can not only maintain the diversity of the objective function solutions at the beginning of searching but also converge in the best solution at the later searching. The statistical results of CRO, DE and PSO are reported in Table 5 . From Table 5 it is very evident that CRO not only has found the highest quality results among the all algorithms compared, but also possesses the highest probability of finding the better solution for the problem under consideration.
Case B: Voltage deviation minimization
The results obtained for this objective function by PSO, DE and CRO without and with STATCOM devices are reported in 5th, 6th and 7th columns of Tables 2 and 4 , respectively. It is observed from the simulation results that voltage deviation is improved by incorporating STATCOM from 0.1086 p.u. to 0.1013 p.u. by PSO, from 0.1029 p.u. to 0.0928 p.u. by DE and from 0.0849 p.u. to 0.0803 p.u. by CRO method. Moreover, it is observed that voltage deviation using proposed CRO is better as compared to that obtained by PSO and DE algorithms. The statistical results for voltage deviation minimization objective illustrated in Tables 3 and  5 , show the superiority of the proposed CRO method over other approaches.
Case C: Minimization of L-index voltage stability
To further investigate the efficiency of the proposed CRO method, it is applied on the same IEEE 30-bus system to minimize voltage stability index. The 8th-10th columns of Tables 2  and 4 show the optimal settings of control variables, optimal locations and optimal parameter setting of STATCOM obtained by applying PSO, DE and CRO techniques for normal and FACTs based ORPD problem. For voltage stability index minimization objective, before using FACTS devices in the transmission network, the L-index obtained using PSO, DE and CRO was 0.1210 p.u., 0.1198 p.u. and 0.1156 p.u., respectively. However, after installing STATCOM with optimal settings in the optimized location using PSO, DE and CRO, the voltage stability index in the different buses is significantly reduced. However, the best L-index is obtained using CRO method for both the cases (i.e. without and with STATCOM).
IEEE 57-bus system
In order to assess the effectiveness and robustness of the proposed CRO method, a larger test system consisting of 57 buses Figure 4 Convergence characteristics of different algorithms for transmission loss with STATCOM (IEEE 57-bus system). with and without STATCOM is considered to solve ORPD problem. This system (IEEE 57-bus) consists of seven generator buses (the bus 1 is the slack bus and buses 2, 3, 6, 8, 9 and 12 are PV buses), fifty load buses and 80 branches, in which branches (4-12, 20-21, 24-26, 7-29, 32-34, 11-41, 15-45, 14-46, 10-51, 13-49, 11-43, 40-56, 39 -57, and 9-55) are tap changing transformers. In addition, buses 8, 25 and 53 are selected as shunt compensation buses. The base load of the system is 1272 MW and 298 MVAR. The full system data adopted from [38] are listed in Tables A4-A6 . The voltage magnitude limits of all buses are set to 0.94 p.u. for lower bound and to 1.06 p.u. for upper bound. In this study, the allowed steps for tap changers are between 0.9 and 1.1 p.u., the allowed voltage changes are between 0.95 and 1.05. In order to test and validate the robustness of the proposed algorithm, simulations are carried out for conventional ORPF problem and STATCOM based ORPD problems.
Case A: Transmission loss minimization (i) ORPD without STATCOM device
The optimal settings of control variables obtained by CRO, PSO and DE for this case are illustrated in Table 6 . It is noted that all the state variables and control variables are in their specified limits. To assess the potential of the proposed approach, a comparison among the results obtained by the CRO, DE, PSO approaches and those reported in the literature are carried out. The results of this comparison are given in Table 7 . It is worth mentioning that the comparison is carried out with the same control variable limits, and other system (ii) ORPD with STATCOM device
The effectiveness of the CRO method is further evaluated by implementing the proposed method on IEEE 57-bus system to minimize transmission loss STATCOM based power system network. The detailed simulation results of CRO, PSO and DE are illustrated in Table 8 . It is found that the active power losses achieved by the proposed CRO algorithm is equal 23.8378 MW while it is equal to 24.2316 MW and 24.4341 MW for DE and PSO methods, respectively. As can be derived from the results, the proposed algorithm gives the best performance in comparison with the PSO and DE methods. Moreover, to verify the robustness, the CRO, DE and PSO algorithms are executed for 50 trials with different starting points. Table 9 presents the minimum, maximum and average transmission loss produced by the proposed algorithm comparing with the other reported results. It is worth mentioning that the best, mean and the worst loss obtained by the proposed CRO method are better than those obtained by the DE and PSO methods, which clearly suggest the robustness of the proposed CRO method. The convergence of optimal solution using DE, PSO and CRO is shown in Fig. 4 . It is found from 
Case C: Minimization of L-index voltage stability
Finally, PSO, DE and CRO techniques are applied for Lindex minimization on IEEE 57-bus system to test the superiority of the proposed CRO approach. The optimal control variables, TL, VD, and L-index values obtained using PSO, DE and CRO approaches in the IEEE 57-bus power system for L-index minimization objective of normal ORPD and STATCOM based ORPD are elaborated in the columns 8th-10th of Tables 6 and 8, respectively . The results clearly demonstrate that the L-index reduction accomplished using the CRO approach is better than that obtained by the other approaches. Hence, the conclusion can be drawn that CRO is better than all the other listed algorithms in terms of global search capacity and local search precision. Furthermore, it can be seen that all the control variables optimized by the various discussed methods are acceptably kept within the limits. Fig. 5 shows the convergence performance of algorithms with the evolution process. It shows that, compared with PSO, and DE, CRO has faster convergence speed and needs lesser iteration cycles to achieve the optimal L-index level. The statistical results of L-index minimization objective for normal and STATCOM based ORPD problem are illustrated in the last three columns of Tables 7 and 9 , respectively. The statistical results clearly suggest the robustness of the proposed methods over other discussed methods.
Conclusion
Chemical reaction optimization (CRO) has proven to be an efficient nonlinear optimization technique for solving different types of real world problems of various field of engineering. In this article CRO is used to find the optimal location of STATCOM for solving optimal reactive power dispatch (ORPD) problem. Minimization of the transmission loss, improvement of the voltage profile and voltage stability are considered as the objective function to evaluate the system performance. It is observed that the STATCOM can reduce the transmission loss, voltage deviation and voltage stability index of a power system network effectively. Moreover, for all the three different objectives, CRO produces better solutions than so far best known results by any other method. Furthermore, from the statistical comparative results, it is found that the proposed CRO algorithm is robust and suitable for sizing and locating STATCOM devices in power system transmission system. Considering all these results of the study for ORPD problems with different characteristics, dimensions, and constraints it can be concluded that CRO performs better, at least matching many of the previously reported methods. 
